Continuous-wave (CW) mode operation InGaAsN/GaAsN double-quantum-well lasers with a laser wavelength of 1.295 µm are demonstrated by metal-organic chemical vapour deposition (MOCVD). With the use of a high-bandgap GaAs 0.9 P 0.1 into the active region before the growth of p-type layers, a room temperature (RT) threshold current of 99 mA and the characteristic temperature (T 0 ) values of 155 K in a temperature range of 25-95
Introduction
The startling progress of InGaAs with dilute nitride material has unmitigatedly continued to the present since the first proposition of Kondow et al in 1997 [1] . This novel material has demonstrated higher crystal quality [2, 3] than anticipated, possessing better high-temperature operation performance due to the increased band offsets and a more favourable bandoffset ratio [4, 5] . Unfortunately, these devices show only a slight improvement in the T 0 values of 70-110 K over those achievable by the conventional InP technology under CW mode operation [6] [7] [8] [9] [10] . The unexpected low T 0 value is found due to the large Auger recombination and nitrogen penalty [11, 12] . To improve the lasing characteristics and hightemperature operation performance, using anti-reflectionhigh-reflection facet coating can obtain a CW output power of 210 mW [13] , and Qu et al fabricated laser chips that were bonded p-side-down onto a copper heat-sink with pulsed anodic oxidation (PAO) technology, which could operate in CW mode up to 130
• C with a high T 0 value of 138 K [14] . In the case of laser structure design for improving lasing characteristics or obtaining a better T 0 value, Tansu et al utilized tensile-strain GaAs 0.85 P 0.15 layers on both sides of the InGaAsN/GaA's active region to reduce the strain in quantum wells (QWs) for achieving better crystal quality [15] [16] [17] .
However, the high-bandgap GaAs 0.85 P 0.15 layer on the n-side InGaAsN/GaAs active region may obstruct electrons pouring into the active region, while the GaAs 0.85 P 0.15 layer on the p-side active region can block electrons overflowing to the p-side layers. In a previous work, we had numerically investigated the laser performances and the T 0 values of In 0.4 Ga 0.6 As 0.986 N 0.014 /GaAs 1−x N x quantumwell lasers with variant GaAs 1−x N x strain-compensated barriers. The results from numerical analysis acquainted that using GaAs 1−x N x strain-compensated barriers with an x value less than 0.5% might provide better optical gain properties and a higher T 0 value. The electronic leakage current also played an important role in the decreased T 0 value [18] . To achieve a more favourable T 0 value, the In 0.41 Ga 0.59 As 0.987 N 0.013 /GaAs 0.995 N 0.005 QW laser structure with a high-bandgap 15 nm thick GaAs 0.9 P 0.1 layer inserted into the active region before the growth of p-type layers of the conventional structure is conducted experimentally and numerically in this work.
Device structure and methods
The laser structure under study is grown by low pressure metal-organic chemical vapour deposition (MOCVD) with group-V precursors of arsine (AsH 3 ), phosphine (PH 3 ) and U-dimethylhydrazine (U-DMHy) for N-precursor. Trimethyl (TM) sources of aluminium (Al), gallium (Ga) and indium (In) are used for group-III precursors. The dopant sources are SiH 4 and CBr 4 . The device is prepared by photolithography and reactive ion-etching into narrow stripe ridge waveguide lasers 4 µm in width and 1000 µm in length. The end facets of the laser chips are uncoated and the laser chips are bonded p-side-down onto copper heat-sinks with indium. A schematic diagram of the double-quantum-well (DQW) InGaAsN/GaAsN laser structure is plotted in figure 1 . The InGaAsN/GaAsN ridge waveguide DQW laser structure is grown on the n-type Si-GaAs substrate with (0 0 1) orientation. On top of the GaAs template is a 1.0 µm thick n-type Al 0.6 Ga 0.4 As layer, followed by a 0.15 µm thick n-type Al 0.4 Ga 0.6 As layer with a growth temperature of 770
• C. The active region contains two In 0.41 Ga 0.59 As 0.987 N 0.013 wells and the growth temperature is 530
• C with a V/III ratio of 20. To reduce the high strain in the In 0.41 Ga 0.59 As 0.987 N 0.013 QW, GaAs 0.995 N 0.005 is used as a barrier. The thickness of QW and barrier is determined by x-ray diffraction. The strains of QW and barrier are 2.08% in compressive and 0.2% in tensile, respectively. After the growth of the active region, a 10 nm thick undoped GaAs layer is grown to cap the active region for maintaining better QW quality and a 15 nm thick undoped high-bandgap GaAs 0.9 P 0.1 layer is grown to block electrons from overflowing to the p-type layers. The guiding region is formed by 0.72 µm thick undoped GaAs with a growth temperature of 530
• C, followed by a 0. . Finally, a p-type 100 nm thick GaAs layer with a doping concentration of 2 × 10 19 cm −3 is grown to complete the structure. Numerical simulation is executed with the use of an advanced two-dimensional LASer Technology Integrated Program (LASTIP), which is a full two-dimensional (2D) simulator that solves Poisson's equation, current continuity equations, the photon rate equation and the scalar wave equation. In the gain model, material gain and loss for both bulk and QW as functions of wavelength and carrier density are computed. Two-dimensional drift-diffusion semiconductor equations are solved for the drift-diffusion model, which is similar to a conventional 2D electronic device simulator except that stimulated and spontaneous emissions of a laser are included as additional recombination terms. In the optical mode model, a 2D scalar complex wave equation is solved for the lateral modes. The photon rate equation, which couples to the drift-diffusion equations, is also solved. Complex refractive indices computed from the material gain are required as inputs [19] .
For the numerical simulation, based on k · p theory, a Hamiltonian matrix of the Luttinger-Kohn type and an envelope function approximation are used to solve the InGaAsN quantum-well subband structures and the gain spectra are broadened by Lorentz's function. The bandoffset ratios of InGaAsN and GaAsP to GaAs are estimated to be 0.7/0.3 and 0.58/0.42, respectively [4, 20] 
Laser characteristics
For the discussion of the effect of the GaAs 0.9 P 0.1 current blocking layer on the laser performance of the In 0.41 Ga 0.59 As 0.987 N 0.013 /GaAs 0.995 N 0.005 laser, two structures that are without and with inserting the high-bandgap GaAs 0.9 P 0.1 into the active region before the growth of p-type layers are prepared. The DQW structure for type A is the conventional structure without the high-bandgap GaAs 0.9 P 0.1 inserted and type B is the structure with the high-bandgap GaAs 0.9 P 0.1 inserted. The laser devices are tested under CW mode operation. Figure 2 shows the electroluminescence spectrum when the laser device is at an input current of laser threshold. A peak emission wavelength of 1.295 µm is obtained for both type A and type B lasers. The temperature-dependent laser output power versus current (L-I) characteristic of the type A laser under CW mode operation in a temperature range of 25-105
• C is shown in figure 3 . The stripe width and the cavity length are 4 µm and 1000 µm, respectively. The threshold current and the threshold current density per QW are 84 mA and 1.05 kA cm −2 at 25
• C. Figure 4 shows the temperature-dependent L-I characteristic of the type B laser under CW mode operation in a temperature range of 25-105
• C. The stripe width and the cavity length are identical to the type A laser. The threshold current is 99 mA and the threshold current density per QW is 1.23 kA cm −2 at 25 • C. The RT slope efficiencies of type A and type B lasers are 0.09 and 0.11 W A −1 . Despite the high threshold current density at 25
• C, which is caused by the high strain in the quantum wells and the non-radiative recombination centres, it is found that the slope efficiency is increased after inserting the high-bandgap GaAs 0.9 P 0.1 . For the type A laser, the threshold current increases from 84 to 152 mA, and a T 0 value of 118 K under CW mode operation is achieved when the device temperature is in the range of 25-95
• C. With the use of GaAs 0.9 P 0.1 in the p-side active region, the T 0 value under CW mode operation is ameliorated to 155 K in a temperature range of 25-95
• C. The T 0 value can achieve up to 179 K when the device temperature is in a range of 25-85
• C. As the device temperature is higher than 105
• C, the threshold current of the type B laser is lower than that of the type A laser, which indicates that the electronic leakage current is reduced and the hole injection into the active region is improved at a higher temperature when the highbandgap GaAs 0.9 P 0.1 is inserted into the active region before the growth of p-type layers. The threshold currents of type A and type B are 188 mA and 173 mA, respectively, when the device temperature is 105
• C. The high T 0 value obtained may be partially due to the decreased electronic leakage current and the slightly increased threshold current at 25
• C and monomolecular defect recombination [23] .
Numerical analysis
Based on the experimental results that the high-temperature performance is improved by inserting a high-bandgap GaAs 0.9 P 0.1 layer into the active region before the growth of p-type layers, we further theoretically investigate the effect of the high-bandgap GaAs 0.9 P 0.1 layer on the laser performance of the 4 × 1000 µm 2 In 0.41 Ga 0.59 As 0.987 N 0.013 /GaAs 0.995 N 0.005 DQW laser. The threshold currents and slope efficiencies of type A and type B lasers obtained experimentally and numerically are depicted in figure 5 . It is found that the simulation results fit in with the experiments. Results of numerical simulation also indicate that the use of GaAs 0.9 P 0.1 can beneficially improve the high-temperature performance, and an increased T 0 value from 107 to 130 K in a temperature range of 25-95
• C is anticipated, even though the T 0 value is not very consistent with the experiments. The discrepancy in the slope efficiencies obtained from the simulations compared to the experiments is due to the fact that we assume the laser device to be isothermal in simulation and the thermal effects are arduous to be completely considered.
The RT energy band diagrams of type A and type B lasers are shown in figure 6 . The diagrams are obtained when the input current is 250 mA and the applied voltage is 1.63 V. The left-hand side of the diagrams is the n-side of the laser structure and the dashed lines are quasi-Fermi levels. It is shown that the high-bandgap GaAs 0.9 P 0.1 is in the p-side of the active region and acts as an electronic blocking layer to prevent the electronic current overflow. However, a barrier height in the valence band of inserting the highbandgap GaAs 0.9 P 0.1 , shown in figure 6(b) , is found and this may result in the difficulty of hole injection and the increased threshold current. The increased threshold current caused by inserting GaAs 0.9 P 0.1 may also be attributed to the slight decrease of optical confinement factor from 7.4% to 7.2% and the blemished interface between GaAs 0.9 P 0.1 and GaAs in crystal growth. and the percentage of the electronic leakage current is defined as the ratio of the current overflow to the p-type layer to that injected into the active region. Note that the percentage of electronic leakage current increases with device temperature for both the laser structures. With the help of the increased conduction band offset caused by inserting GaAs 0.9 P 0.1 , the percentage of electronic leakage current is apparently reduced, in turn decreasing the threshold current at a higher temperature. When the device temperature is 95
• C, there are 8.2% and 4.7% current overflows for type A and type B lasers, respectively, and the percentage of electronic leakage current increases more rapidly for the laser structure without the GaAs 0.9 P 0.1 .
Conclusion
This study demonstrates the T 0 values of 155 K in a temperature range of 25-95
• C and 179 K in a temperature range of 25-85
• C for a CW mode operation narrow stripe 4 × 1000 µm 2 In 0.41 Ga 0.59 As 0.987 N 0.013 /GaAs 0.995 N 0.005 laser diode with the use of a high-bandgap 15 nm thick GaAs 0.9 P 0.1 electronic blocking layer. The temperature-dependent L-I characteristics obtained from simulations are in close agreement with those obtained from experiments. With an advanced two-dimensional LASTIP simulation program, the improved laser performances at high temperature are found to be due to the decreased electronic leakage current. When the device is at an input current of 250 mA, with the use of the GaAs 0.9 P 0.1 , the percentage of electronic leakage current is reduced from 8.2% to 4.7% at a device temperature of 95 • C. The results obtained experimentally and numerically also indicate that the electronic leakage current begins to affect the laser performance when the device temperature is higher than 95
• C.
